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ABSTRACT

The coronavirus disease 2019 (COVID-19) pandemic had grounded the world to a standstill. As the disease
continues to rage two years on, it is apparent that effective therapeutics are critical for a successful endemic
living with COVID-19. A dearth in suitable antivirals has prompted researchers and healthcare professionals to
investigate existing and developmental drugs against severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Although some of these drugs initially appeared to be promising for the treatment of COVID-19, they
were ultimately found to be ineffective. In this review, we provide a retrospective analysis on the merits and
limitations of some of these drugs that were tested against SARS-CoV-2 as well as those used for adjuvant
therapy. While many of these drugs are no longer part of our arsenal for the treatment of COVID-19, important
lessons can be learnt. The recent inclusion of molnupiravir and Paxlovid™ as treatment options for COVID-19
represent our best hope to date for endemic living with COVID-19. Our viewpoints on these two drugs and
their prospects as current and future antiviral agents will also be provided.

Dexamethasone (PubChem CID: 5743)
Baricitinib (PubChem CID: 44205240)
Molnupiravir (Pubchem CID: 145996610)
Nirmatrelvir (PubChem CID: 155903259)

1. Introduction

The continuing battle against severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has been long drawn with no end in sight.
Although significant advances in science have resulted from this
pandemic — from a greater understanding of coronaviruses (especially
SARS-CoV-2) to the development of rapid diagnostics and the game
changing development and use of mRNA vaccines — no truly effective
treatment for COVID-19 exists. In view of the emerging SARS-CoV-2
variants, it has become apparent that effective therapeutics are critical
for successful endemic living with COVID-19. Although therapeutics can
be in the form of biologics (e.g. Regeneron antibody treatment), effective
orally active small molecule therapeutics are more likely to be useful in
managing this disease. This is in view of the limited access to good
healthcare for the poorer populations in the world. In addition, biologics
are more likely to be sensitive to mutations emerging from variants of
concern (VOCs) that can render them less effective [1]. Furthermore, the
necessity of biologics for cold chain storage can hinder their distribution
and handling. Small molecule therapeutics, on the other hand, can
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overcome the latter challenges due to their robustness, which aids their
storage, distribution, and handling [2].

In retrospect, there is no shortage of reported potential small mole-
cule therapeutics for the treatment of COVID-19 [3-6]. The number of
true contenders, however, are few and far between. In view of a typical
long timeline (12-15 years) from initial drug discovery to drug
approval, a popular approach in the search of small molecule thera-
peutics is to utilise drug repurposing. Should a known drug (or an
advanced drug in development) be repurposed, the timeline for approval
can be significantly shortened in view of the safety studies that would
have already been carried out. From a purist’s view, drug repurposing is
“a hypothesis-free drug repositioning” as succinctly phrased by Aled
Edwards [7]. In this context, a sobering observation made by Edwards is
that there has never been a discovery of an old drug for a new indication
found in the past 20 years. This implies that while a hypothesis-free
approach presents an unbiased standpoint for drug repositioning, the
fact remains that a hypothesis-driven evaluation is evidently more
fruitful and consequently adopted in the search for drugs to treat
COVID-19.
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Another sobering piece of information relates to the arsenal of FDA-
approved small molecule anti-virals [8,9]. As of 2020, there were 85
monotherapies, of which 72 target the virus while another 13 target the
host. Of these, 69 were small molecule drugs [8]. Not surprisingly, a
significant number of these drugs target chronic rather than acute viral
infections such as human immunodeficiency virus-1 (HIV-1), hepatitis B
virus (HBV) and hepatitis C virus (HCV) infections. The dearth of anti-
viral drugs may be surprising in view of the indisputable role of viruses
in causing disease and death. However antiviral drug discovery is
confounded by the following: (i) rapid mutation of the viruses making
them a moving target; (ii) few targets that are unique to a virus as they
hijack the host replication machinery for replication; (iii) the time
window for the administration of an antiviral drug may be critical for
efficacy thus giving rise to variable treatment outcomes; (iv) the lack of
experimental animal models that can truly mimic a human host, from
immune response to virulence and pathogenicity; (v) challenges asso-
ciated with the lack of adequate diagnostics for many viruses. Early
identification of promising lead compounds is typically carried out
through in vitro studies, either through target-based approaches (e.g.
inhibition of protein function) or phenotypic approaches (e.g. inhibition
of cytopathic effect), but there are clearly significant gaps in translating
in vitro outcomes to in vivo efficacies. At times, small patient pools also
present additional challenges in drug development and clinical ap-
provals as is evident in the case of brincidofovir for smallpox [10].
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As COVID-19 rages two years on, we examine a selection of the most
promising therapeutics that were reported in the early years of the
pandemic that were explored as mono- or combination-therapy (Fig. 1)
for the treatment of COVID-19. These compounds were selected based
on three criteria: (1) they are small molecules; (2) these treatment op-
tions were prominent and widely evaluated in 2020; and (3) their
clinical efficacy has been evaluated and data is available as of 2021.
Many of these drugs were reutilized from other indications, with
postulation that they may retain similar roles in antiviral treatment or
symptoms management in COVID-19 (Table 1). Their merits and
shortcomings in disease management will be discussed and evaluated.
Some of these drugs were amongst the first that demonstrated in vitro
efficacy against SARS-CoV-2, while others were highly publicised by the
media and general scientific community. Advancement in the develop-
ment of antiviral small molecule therapeutics has also progressed two
antivirals, namely molnupiravir and nirmatrelvir (Fig. 1, Table 1), into
clinical use. In this regard, we provide our viewpoint on these ten drugs
from a retrospective analysis and assess the drug targets for their suit-
ability as antiviral targets, especially towards future viral pathogens, as
well as for management of the disease. In view of the rapid pace of
developments on COVID-19 and treatments, our perspective is not
meant to be comprehensive, but aims to highlight some valuable lessons
that can be learnt for drug discovery and development of therapeutics.

\@ NH
Lopinavir Remdesivir
SN
- ~
Ek H 79 W Nirmatrelvir HO 1
'/ N
0] N N N &
R e
o = H o 5
74 /N
845,
Ritonavir
H
/=N =N 2 o) OYN _N_
N\ VA% \Hk e N\J o
3 o~y
HN__~ N\S" % Ivermectin
3 HO OH B1a: R = CH,CHs (>80%)

Baricitinib

Fig. 1. Chemical structures of the most promising drug candidates for the treatment of COVID-19. Some of these compounds are being explored as combina-
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Table 1

Summary of the drugs discussed, which include monotherapy and combination-
therapy. Their previous indications are specified where appropriate, along with
their postulated roles in SARS-CoV-2.

Drug Trade Previous Indication Postulated role/
Name target in SARS-
CoV-2
Chloroquine Aralen Malaria, Rheumatoid Inhibit viral entry
arthritis
Hydroxychloroquine  Plaquenil Malaria, Rheumatoid Inhibit viral entry
arthritis
Ivermectin Stromectol ~ Antiparasitic Inhibit nuclear
import via IMPa/
p
Lopinavir-Ritonavir Kaletra HIV-1 MP™ SARS-CoV-2 MP™
Remdesivir Veklury EBOV RdRp SARS-CoV-2
RdRp
Dexamethasone Decadron Immunomodulatory Management of
pro-inflammatory
cytokines
Baricitinib Olumiant Rheumatoid arthritis, Management of
Janus kinase inhibitor pro-inflammatory
cytokines
Molnupiravir Lagevrio - SARS-CoV-2
RdRp
Nirmatrelvir- Paxlovid - SARS-CoV-2 MP™®
Ritonavir

2. SARS-CoV-2 replication pathway

SARS-CoV-2 is an enveloped positive-sense single-stranded RNA
virus, belonging to the beta-coronavirus genus of the Coronaviridae
family [11]. The infection and replication cycle of SARS-CoV-2 is
broadly similar to that of SARS-CoV and MERS-CoV [12-14]. Briefly,
infection begins when the S1 subunit of the spike protein binds to the
host receptor via the receptor-binding domain. For MERS-CoV, this re-
ceptor is the dipeptidyl peptidase-4, whereas for SARS-CoV and
SARS-CoV-2, angiotensin-converting enzyme 2 (ACE2) receptor is the
crucial host receptor [15]. The higher affinity of SARS-CoV-2 for ACE2
as compared to SARS-CoV may account for its greater transmissibility
[16]. The S2 subunit of the spike proteins is responsible for viral entry
and fusion of viral and host membranes [15]. Infections on host cellular
surfaces are mediated by serine protease transmembrane serine protease
2 (TMPRSS2), while endosomal entry is mediated by endosomal cysteine
protease cathepsin B/L [17]. Importantly, SARS-CoV-2 was found to use
TMPRSS2-mediated entry as the primary viral entry route [15]. As
priming by these proteases are critical for the fusion and subsequent
entry of the virus into the host cell, they represent viable antiviral tar-
gets [12]. Uniquely, a polybasic site between the S1 and S2 subunit of
SARS-CoV-2 can be cleaved by another protease known as furin, which
may additionally account for the increased transmissibility of
SARS-CoV-2 [18]. It has also been suggested that the spike proteins of
coronaviruses are heavily glycosylated, which enables evasion of
recognition by host immune antibodies [19]. Following the entry of the
virus into the host cell, the genomic RNA is uncoated and released, and
translation of two open reading frames ORFla and ORF1b occurs. The
resulting polyproteins are then processed by two cysteine proteases,
papain-like protease (PLP™) and 3C-like protease (3CLP™; also known as
main protease or MP™), to smaller non-structural proteins (NSPs) needed
for viral replication and transcription. RNA-dependent RNA polymerase
(RdRp) in the replication and transcription complex (RTC) is a critical
enzyme that is responsible for the formation of negative-sense genomic
and subgenomic RNAs. Finally, new virions are assembled from the
genomic material and structural proteins, which are then released from
the cells through exocytosis (Fig. 2A).

Antiviral approaches against SARS-CoV-2 can be categorised into the
following: (1) inhibition of host receptor recognition; (2) inhibition of
viral entry; (3) inhibition of viral protein maturation; (4) inhibition of
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viral genome replication; (5) inhibition of viral protein translation.
These approaches will be further discussed in Section 4.

3. Pathophysiology of COVID-19

Besides targeting the virus, another approach in disease management
aims to target and slow down disease progression. Typically, infection
begins at the nasal epithelium followed by viral replication. Thereafter,
the virus migrates down the upper respiratory tract (URT) [20]. In 80%
of cases, the infection is contained in the URT, and the patient recovers
uneventfully within 14 days. In the other 20%, the virus may migrate to
the lower respiratory tract (LRT), which causes infection to pulmonary
alveolar epithelial cells [20]. Potentially, this could lead to enhanced
viral replication, as well as the upregulation of pro-inflammatory cyto-
kines including interleukins IL-1, IL-6, IL-8 and IL-12, and tumour ne-
crosis factor-o (TNF-a) [21]. The enhanced viral replication can lead to
acute respiratory distress syndrome (ARDS), while the latter can prog-
ress to a cytokine storm with implications such as possible lung injury,
alveolar damage, and development of ARDS. Together, this has been
proposed as the main cause of death from COVID-19-related complica-
tions (Fig. 2B) [22].

4. Approved drugs and investigational drugs evaluated for the
treatment of COVID-19

Treatment for COVID-19 can be categorised as (i) antiviral treat-
ment, and/or (ii) adjuvant therapy. These two approaches will be dis-
cussed separately in the following sections.

4.1. Antiviral treatment

4.1.1. Chloroquine / hydroxychloroquine

Amongst the many drugs explored for the treatment of COVID-19,
chloroquine (CQ) and hydroxychloroquine (HCQ) (Fig. 1) were
possibly the first to be publicly hailed as a potential treatment. Origi-
nally discovered in the 1966, CQ was used as an antiparasitic agent
against malaria [23]. CQ increases the endosomal and/or lysosomal pH,
which in turn inhibits key enzymatic processes that eventually leads to
the death of the parasite, most commonly Plasmodium falciparum [24].
The antiviral properties of CQ against HIV-1 were proposed in 1990,
primarily through the same mechanism of increasing the endosomal pH
[25]. Specifically, CQ/HCQ may inhibit the pH-dependent conforma-
tional changes in the structural proteins of viruses that are essential for
binding and fusion to host receptors and endocytosis. They may also
inhibit key enzymatic activities involved in the post-translational
modifications of the glycoproteins on the viral envelope, leading to
attenuated viral virulence [26]. Beyond HIV-1, CQ has also demon-
strated antiviral effects against other RNA viruses, including coronavi-
ruses such as SARS-CoV. CQ was found to inhibit SARS-CoV in vitro with
an ECsp value of 8.8 uM, which corresponds to the effective plasma
concentrations of the drug used for malaria treatment [27]. Mechanis-
tically, CQ has been shown to inhibit the terminal glycosylation of the
cellular receptor, ACE2, in addition to elevating the endosomal pH. This
disrupts the binding of SARS-CoV to the host cell receptor and interferes
with viral entry and virulence [28]. In addition, changes in endosomal
pH can inhibit cathepsin L-mediated priming, thereby preventing viral
entry through this pathway [29]. Due to the similarities between
SARS-CoV and SARS-CoV-2, CQ was investigated as a potential antiviral
against the novel coronavirus [30-32]. HCQ, a derivative of CQ, is
thought to behave similarly as CQ but with much reduced toxicities in
animals [33]. The additional anti-inflammatory properties of HCQ were
also touted to be useful for mitigating cytokine storms that may occur
with COVID-19 infection (Fig. 2B), thus making this proposed dual ac-
tion drug highly desirable for treating both the symptoms and the
infection itself [34].

The in vitro studies with CQ and HCQ on SARS-CoV-2 reported ECsg
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values of 2.71-7.36 uM and 4.51-12.96 uM respectively [34,35]. These
positive outcomes, however, failed to be translated into clinical efficacy.
Based on a recent systematic review with meta-analysis on 12 rando-
mised clinical trials (RCTs) with 8569 adult participants (with search up
to September, 2020), HCQ has indicated little to no effect on virological
clearance and clinical worsening (compared to mechanical ventilation)
and mortality in COVID-19 patients [36]. The same review indicated an
approximate three-fold increase in the risk of drug-related adverse
events like gastrointestinal disorders and prolongation of the corrected
QT (QTc) intervals indicating cardiovascular irregularities, which
further discouraged the continuation of trials involving CQ/HCQ for
COVID-19 treatment [36]. Earlier systematic reviews with meta-analysis
on RCTs alone (7 trials, 4984 patients) [37] and with observational
studies (12 cohort studies + 3 RCTs, 10,659 patients) [38] also
concluded that there was no benefit in using CQ/HCQ for improving
clinical outcomes of COVID-19. Large-scale RCTs with results published
later such as the Randomized Evaluation of COVID-19 Therapy (RE-
COVERY) collaborative trial (in the UK, with 4716 hospitalized patients)
[39] and the WHO Solidarity trial (multinational, with 954 hospitalized
patients received HCQ) [40] likewise demonstrated no mortality benefit

of CQ/HCQ, which was consistently observed across various age groups
and disease severity.

This apparent discrepancy between in vitro and clinical outcomes is
suggested to stem from cell line-dependent effects of CQ observed
against SARS-CoV-2 [41]. While SARS-CoV-2 may mediate viral entry
through both pH-dependent cathepsin L and pH-independent TMPRSS2
pathways, viral entry and infection in airway epithelial cells occurred
predominantly through the latter. In contrast, viral entry in cell lines
expressing low levels of TMPRSS2 (e.g. Vero E6 African green monkey
kidney-derived cells) proceed via cathepsin L, for which CQ/HCQ has
superior suppression effects [29]. Consequently, this may have over-
predicted the effects of CQ/HCQ and limited their clinical relevance
[41].

While these 4-aminoquinoline drugs are no longer part of the arsenal
for the treatment of COVID-19, there are important lessons to be learnt.
Retrospective analyses of CQ and HCQ revealed that these drugs lacked
in vitro to in vivo translatability in SARS-CoV. Yet, this was not addressed
or evaluated following the end of the SARS epidemic [42]. The urgency
for therapeutics against the SARS-CoV-2 arose when infection numbers
surged worldwide and this prompted clinical trials on CQ/HCQ despite
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their lack of efficacy as antiviral and prophylactic agents [43-45]. RCTs
and systematic reviews merely reaffirmed the ineffectiveness of
CQ/HCQ for the treatment of COVID-19 [36-40]. The evaluation of
CQ/HCQ against SARS-CoV-2 herein clearly exemplifies the need for
careful evaluation of drugs according to its safety and efficacy profile
before proceeding to clinical trials. Furthermore, these studies have also
highlighted the importance of understanding the pathology of viral in-
fections to aid in the selection of appropriate cell lines for antiviral
studies [41].

4.1.2. Lopinavir-ritonavir

Another potential strategy to develop an effective antiviral is to
disrupt the maturation of viral proteins via the inhibition of a key pro-
tease. Lopinavir (Fig. 1) is a peptidomimetic drug that is commonly used
against HIV-1. As an aspartate protease inhibitor, it targets the main
protease of HIV-1 and prevents the polyprotein cleavage, thereby dis-
rupting virion maturation and ending the infection and replication cycle
[46]. Although lopinavir can be used as a monotherapy, the drug is often
used in combination with low doses of a CYP450 inhibitor ritonavir
(Fig. 1) in clinical settings to slow down its hepatic metabolism [47].
Lopinavir, with or without ritonavir, has demonstrated antiviral activ-
ities against SARS-CoV, MERS-CoV and HIV-1 [48-50]. Lopinavir
reduced SARS-CoV viral titer in fetal rhesus kidney-4 (FRhK-4) cells with
an ICs value of 6.36 uM [49] and was also found to inhibit the purified
SARS-CoV MP™ with an ICsg value of 50 uM [50]. Similarly, lopinavir
treatment inhibited MERS-CoV replication in human hepatocellular
carcinoma Huh-7 cells with an ECgy value of 8.0 uM [48]. The
broad-spectrum antiviral activity of lopinavir makes it an attractive drug
candidate for the treatment of COVID-19.

Lopinavir reduced SARS-CoV-2 viral titer in Vero E6 cells with an
ECsg value of 26.63 uM [51]. The drug was presumed to target the MP™
of SARS-CoV-2, similar to its antiviral action in SARS-CoV. To study this,
lopinavir and ritonavir were evaluated for SARS-CoV-2 MP™ inhibitory
activity using a cell-based assay in HEK293T cells [52]. Interestingly,
treatment with lopinavir alone showed no inhibitory activity at
non-toxic concentrations, while treatment with ritonavir alone gave an
ICsp value of 13.7 uM. A combination of lopinavir-ritonavir resulted in
an ICsy value of 10.9 uM. However, neither lopinavir, ritonavir nor
lopinavir-ritonavir combination displayed any inhibitory activity when
tested against the purified MP™ [52]. In view of the latter, it was not
surprising that lopinavir-ritonavir treatment in SARS-CoV-2-infected
ferrets also showed no significant reduction in in vivo viral titers [45].
Despite this, clinical trials commenced in view of the lack of effective
COVID-19 treatment. An initial study involving 199 patients revealed
that lopinavir-ritonavir combination therapy (400 mg and 100 mg,
respectively; twice daily) was not effective, and viral loads were iden-
tical between treatment group and standard care group at different time
points taken for up to 28 days [53]. Larger clinical trials that followed
reported similar results. The study led by the RECOVERY collaborative
group involving 1616 patients reported no significant improvement in
the mortality rate amongst severe COVID-19 cases after oral treatment of
lopinavir-ritonavir (400 mg and 100 mg, respectively; twice daily) for
10 days. In addition, one serious adverse event of elevated alanine
aminotransferase stemming from lopinavir treatment was recorded from
the treatment group [54]. A systematic clinical review on
lopinavir-ritonavir (7 trials, 8432 participants) similarly concluded that
there was no clinical benefit in terms of mortality, virological clearance
and radiological improvements as compared with standard supportive
care in COVID-19 patients [55]. The interim findings of the WHO Soli-
darity trial also found minimal clinical benefit in hospitalized patients
treated with lopinavir-ritonavir (200 mg and 50 mg, respectively; twice
daily) [40]. Together, these findings concluded the ineffectiveness of the
lopinavir-ritonavir combination for the treatment of COVID-19.

Retrospective analyses of the use of lopinavir in COVID-19 treatment
suggest several factors that may contribute to the failure of the drug as a
therapeutic. Firstly, the lack of inhibitory activity by lopinavir against
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the purified MP™ of SARS-CoV-2 suggest that this compound is not a
direct inhibitor of MP™ [52]. However, the exact molecular target has
not been elucidated.

Secondly, lopinavir is reported to have high plasma binding of
> 95%, leaving the remaining 5% as unbound drug to act on viral targets
[56]. This limits the clinical translation of the drug for COVID-19
treatment. To compensate for this, Cattaneo et al. proposed an adjust-
ment to the clinical dosing in order to achieve the in vitro ICsq value. This
corresponds to a dosing of approximately 20-fold higher than the in vitro
reported data. However, as noted by the authors, the adjusted dosing
would not be feasible due to the potential toxicity risks to patients [56].

Thirdly, the clinical evaluation for lopinavir in COVID-19 treatment
commenced in spite of the lack of inhibitory activity by lopinavir against
the purified SARS-CoV-2 MP™ and the unsatisfactory in vivo results for
lopinavir treatment [45,52]. Pre-clinical studies were designed to guide
clinical studies in predicting the efficacy and dosing of drugs. In view of
the unsatisfactory results from the pre-clinical studies however, this was
not possible. This may have resulted in the ineffectiveness of lopinavir in
COVID-19 treatment.

It is noteworthy that the clinical effectiveness of protease inhibitors
are, in general, limited to early-stage disease when the viral load is low,
and inhibition of viral replication is crucial. Most clinical trials for
lopinavir were evaluated on severe COVID-19 cases, where the viral load
is high, and the drug is less effective. To overcome this limitation, pro-
tease inhibitors may find synergism with other therapies that act on
different stages of disease progression [57]. While viral proteases are
good targets and their inhibition is an excellent antiviral strategy, this
episode demonstrated the importance of target validation. In the case of
lopinavir, while the drug successfully inhibited the main protease of
HIV-1 and MP™ of SARS-CoV, this did not extend to the MP™ of
SARS-CoV-2. Furthermore, the high plasma binding of lopinavir [56],
coupled with the high concentration required to inhibit viral replication
in vitro [51], also suggest the importance of considering the pharmaco-
kinetic properties of drugs in their clinical translatability and relevance.

4.1.3. Remdesivir

GS-5734 (Remdesivir) is a prodrug that rapidly metabolizes to GS-
441524 monophosphate, followed by phosphorylation by the host cell
to a bioactive analog of adenosine triphosphate (Fig. 3A) [58]. As part of
a library initially developed by Gilead Sciences against HCV, the drug
acts by targeting the RdRp [59]. Kinetic studies performed on recom-
binant SARS-CoV-2 RdRp revealed an enhanced efficiency in incorpo-
rating GS-441524 triphosphate (GS-443902) as opposed to ATP [60].
Following its incorporation into the elongation strand (position i) during
viral replication, the machinery stalls while incorporating a nucleotide
into the i + 4 position due to steric clashes between the 1°-CN group of
the incorporated GS-441524 and the protein (Fig. 3B) [61,62]. As a
result, the incorporated GS-441524 effectively inhibits viral RNA syn-
thesis. Being a relatively late player into the game, remdesivir was first
used against the Ebola virus (EBOV), where it demonstrated excellent in
vitro potency and retained in vivo activity in animal infection models
[58]. Owing to the importance of the RdRp in RNA synthesis and viral
replication, remdesivir was en route to becoming a promising
broad-spectrum antiviral against RNA viruses [63].

Remdesivir has outstanding in vitro and in vivo antiviral effects
against SARS-CoV and MERS-CoV [64]. In human airway epithelial
(HAE) cells, remdesivir was reported to have ICsy values of 0.069 uM
and 0.074 pM against SARS-CoV and MERS-CoV respectively; in primate
models, lower viral loads were detected in the lungs with milder oc-
currences of lung lesions [64,65]. Against SARS-CoV-2, remdesivir has
also shown promising results in inhibiting the virus in both Vero E6
(ECsp = 0.77 uM) and Huh-7 cells (ECy9 = 1.85 uM) [35]. Lower lung
viral loads and reduced lung damage were also observed in rhesus ma-
caques treated with remdesivir as compared to those treated with
vehicle controls. Notably, reduced viral titers in the bronchoalveolar
lavages at 12 h post-treatment from the initial dose indicated clinical
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441524 (GS-443902). (B) When GS-441524 (represented in purple) is incorporated into the replication strand (represented in grey), the machinery stalls while trying
to incorporate the 4th nucleotide due to steric clashes between the 1°-CN group of GS-441524 and the polymerase, resulting in its delayed chain termination

mechanism of action.

benefit for commencing remdesivir treatment in early-stage disease to
prevent progression to pneumonia [66]. Impressively, the antiviral ef-
fects against SARS-CoV-2 are predominant despite the presence of an
exonuclease (ExoN) at the N-terminal domain of nsp14, which functions
to correct mismatched nucleosides. Based on the structure of the RdRp in
the GS-441524-stalled state, GS-441524 is still concealed within the
nspl2 core polymerase during the incorporation of the nucleotide at the
i+ 4 position (Fig. 3B). This makes the mismatched position inacces-
sible for the ExoN to initiate excision [67]. Furthermore, it is also
postulated that the incorporation of the next three base pairs following
GS-441524 occurs rapidly and this could circumvent the proofreading
mechanism [68].

To understand the implications of remdesivir resistance in corona-
viruses, two mutants, F476L and V553L, were generated by passaging of
parent nucleoside GS-441524 in murine hepatitis virus (MHV). Both
mutations were identified to be in a conserved region across all coro-
naviruses in the nsp12 core polymerase-coding region within the RARp
[69]. This involved structural changes to the nsp12 polymerase domain,
which is likely to alter the stringency of nucleotide incorporation [70].
When these sequence mutations were introduced into the SARS-CoV
genome (yielding mutants F480L and V557L, respectively) a similarly
conferred resistance for the virus against remdesivir was obtained. This
suggests the involvement of a similar mechanism of resistance following
remdesivir exposure. Observations for the impaired ability of the mu-
tants to infect new cells also confirm the high barrier of resistance [69].

However, mixed results were reported from clinical studies involving
the use of remdesivir for the treatment of COVID-19. While case reports
and small-cohort observational studies for hospitalized patients were
encouraging for clinical improvement when remdesivir was used [71],
these results were not replicated in larger placebo-controlled RCTs.
Similar doubt remains when reported clinical improvement for hospi-
talized patients was not statistically significant ([72]; 237 hospitalized
patients from multi-centers in China) or are of uncertain clinical
importance ([73]; 596 hospitalized patients, multinational). The later
clinical trial [73] was also criticized for reporting bias in clinical status
in terms of measuring outcomes and missing outcome data [74], adding
to the uncertainty for the use of remdesivir. A more elaborate clinical
trial showed positive effects of remdesivir in shortening time to recov-
ery, but not in severe COVID-19 patients who required mechanical
ventilation or extracorporeal membrane oxygenation (ECMO) at the
start of enrollment ([75]; with 1062 hospitalized patients,
double-blinded placebo-controlled RCT). The demonstrated effective-
ne